The Institute of Medicine has reported that medication errors are the single most common type of error in health care, representing 19% of all adverse events, while accounting for over 7,000 deaths annually. The frequency of medication errors in adult intensive care units can be as high as 947 per 1,000 patient-days, with a median of 105.9 per 1,000 patient-days. The formulation of drugs is a potential contributor to medication errors. Challenges related to drug formulation are specific to the various routes of medication administration, though errors associated with medication appearance and labeling occur among all drug formulations and routes of administration. Addressing these multifaceted challenges requires a multimodal approach. Changes in technology, training, systems, and safety culture are all strategies to potentially reduce medication errors related to drug formulation in the intensive care unit.
Introduction
At the beginning of the current millennium, the Institute of Medicine (IOM) started a series of reports on quality in health care. The issue of medication safety was highlighted by the first report, To Err is Human: Building a Safer Health System. 1 It was estimated that unintentional errors caused as many as 44,000 to 98,000 deaths per year, making them at least the 8th leading cause of death in the US. 2 Medication errors were identified as the single most common type of error in health care, representing 19% of all adverse events and accounting for more than 7,000 deaths annually. [3] [4] [5] Subsequent reviews have conservatively estimated that 1.5 million preventable adverse drug events (ADEs) occur each year in the US, with hospitalized patients suffering at least 400,000 ADEs per year. This figure equates to one medication error per patient per day. 6 Although not all ADEs cause harm, those that do can be costly in terms of direct, indirect, and opportunity costs. Hospital costs alone for preventable ADEs in admitted patients are approximately $3.5 billion across the country. 6 In ambulatory settings, the annual cost of drug-related morbidity and mortality was estimated to be $177.4 billion in 2000, and rising. 7 In its sentinel report, the IOM raised the issue of product design. It recommended that the US Food and Drug Administration (FDA) develop and enforce standards for drug packaging and labeling that would optimize their safe use, and that pharmaceutical companies be required to formally test proposed names to avoid confusion. 1 These recommendations were echoed by the Secretary of Health and Human Services, who asked that all FDA-regulated products adopt safe labeling practices to decrease the risk of ADEs and improve patient safety. 8 The enormous magnitude of the problem led
The IOM found that 33% of medication errors and 30% of resultant fatalities were secondary to labeling and packaging issues. 6 Along with system, process, and reporting changes, their recommendations included product-specific measures designed for the end user, such as incorporating cognitive and human factors engineering principles to address issues with presentation of information in labeling and nomenclature.
Challenges encountered in the intensive care unit
Critical care areas present a particular challenge with regard to medication errors. 9 They are a dynamic environment with critically ill patients who often require rapid adaptation of on-going management. Intensive care units (ICUs) can be error-prone settings, where even otherwise minor adverse events can lead to serious disability. 4, 10, 11 The frequency of medication errors in adult ICUs can be as high as 947 per 1,000 patient-days, with a median of 105.9 per 1,000 patientdays. [12] [13] [14] Medication errors are estimated to account for 78% of all medical errors in ICUs, with an average of 1.75 medication errors per patient per day. 15 Not only are medication errors more frequent in ICU settings than in non-ICU settings, they are also more likely to be severe and cause harm. 16 Many factors are hypothesized to contribute to the relatively high incidence and associated morbidity of medication errors in the ICU. The patients themselves are the most complex and critically ill in the hospital setting. 15 By virtue of being sicker, older, and having more comorbidities, these patients are less resilient to errors. Because they require a higher intensity of care provision and may receive more medications, they may be at greater risk of iatrogenic harm.
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Pharmacokinetics of medications can also be altered in critically ill patients, principally through changes in volume of distribution and drug clearance. 17 Large volume resuscitations, positive pressure ventilation, surgical procedures, systemic inflammatory response, and changes in protein binding, all common in ICU patients, affect the pharmacokinetics of many drugs. 18 In addition, these patients are usually unable to help facilitate their own care, a problem aggravated by the volume of transfers to and from ICUs. [19] [20] [21] Medication safety in ICUs might also be compromised because of the risks associated with the use of multiple medications per patient and the use of high-risk drugs associated with potentially severe adverse events. Drugs used in the ICU are more likely to be potent, require dose calculations, have medication interactions, and be continuous infusions (which have a greater potential for error). 22 Many medications may be used for off-label indications in the ICU setting, similar to the non-ICU inpatient and outpatient settings. The combination of these elements makes patients in critical care areas particularly vulnerable to medication errors and their potentially dire consequences.
Medication errors in the ICU
Medication errors in the ICU are more likely to lead to harm, and the severity of harm is greater in comparison to errors that occur outside of the ICU. 16 Errors can occur at any stage of the medication use process, which is typically defined by discrete functions or nodes. These include prescribing, transcribing, dispensing, administering, and monitoring. Examining the points at which medication errors occur along the continuum of the medication use process allows for systematic analysis and identification of areas for improvement. 20 A recently published analysis of voluntarily reported medication errors in ICU and non-ICU settings showed that medication errors occur most frequently in the administration phase. 16 Administration is vulnerable to error because it is the last step in the process before the patient receives the medication. Errors associated with this node are least likely to be identified and intervened upon by other members of the health care team. 16 Administration errors include errors associated with infusion rates, incorrect or omitted doses, administration time, and physiochemical incompatibility of parenterally administered products. 20 Optimization of product design stands to decrease medication errors at multiple steps in the process but may be particularly helpful for mitigating errors that occur at the administration node.
Challenges, problems, and errors related to product design
Challenges related to drug formulation are specific to the various routes of medication administration. However, errors associated with medication appearance occur among all drug formulations and routes of administration.
Medication labeling
Medication vials, liquid medication cups, intravenous (IV) medication bags, and packaging that have similar labeling font, font size, and color scheme trigger misperception and mix-ups at every stage of the medication use process. These look-alike medications contribute to medication errors 
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Reducing medication errors in critical care and are of utmost concern at the time of dispensing and administration. Containers within or across a product line should not be similar in appearance. Different strengths and product or vial sizes should be distinguishable by size, color, shape, or some other mechanism. 23 Product labeling is an issue that spans across all routes of administration. Labeling includes package inserts, medication guides, product packaging, and marketing materials. The IOM identified a number of ways in which labeling can be problematic, including look-alike sound-alike drug names, different formulations of the same drug, multiple abbreviations for the same concept, confusing abbreviations and symbols, unclear dose strength designations, cluttered labeling, inadequate prominence of warnings, and lack of standardized terminology. 6 These labeling issues have contributed to serious medication errors. 6 Medication name nomenclature has been associated with dispensing errors. Some suggestions to reduce product namerelated errors have included modifying workflow to minimize distractions and applying technological solutions, such as font variation, use of tall man lettering, automated alerts, and barcode scanning. 24 Lexical similarity is measurable, and predictive models exist to determine the risk of sound-alike medication names. Automated measures of similarity should be undertaken before medication marketing and approval to minimize this risk. 25 The IOM has provided several recommendations to help address these problems. 6 One recommendation was that FDA and the pharmaceutical industry develop a standardized drug nomenclature and apply failure modes and effects analysis (FMEA) to labeling. An FMEA is a prospective systematic quality improvement process by which a multidisciplinary team explores the use of new products. This would expose potential failures in labeling design and their relative impact. 26 The IOM also recommended increasing efforts to develop and study optimum designs of drug labeling, evaluating the impact of free medication samples, and expanding the availability of unit-of-use packaging.
Some problems related to drug formulation design are specifically associated with a particular route of administration. These challenges, as well as some potential solutions, will be addressed separately based on route of administration.
Route-specific problems related to drug formulation design enteral route of administration Access issues related to enterally administered medications are encountered frequently in critical care. Medications that are only available in an enteral formulation pose a problem for patients with a strict nothing by mouth (NPO) order. Carbidopa/levodopa, which is only available as an enteral formulation, is one example. A patient with Parkinson's disease who is admitted to the ICU and given a strict NPO order has no alternative way to receive this critical medication, and concessions have to be made to allow enteral administration of the drug.
Related to this challenge is the problem of medication administration via small-bore feeding tubes. Because of the small lumen, these tubes are prone to becoming clogged and, as many are placed in the duodenum or jejunum, they are also difficult to replace. 27 For these reasons, clinicians often decide against administering crushed medications via small bore feeding tubes. Some medications are available as manufactured suspensions for enteral administration, but most are not. Pharmacies can prepare suspensions of some medications when they are not commercially available, but not all drugs can be adapted to a suspension, and stability information is often limited.
Another issue related to enteral access is immediaterelease (IR) versus extended-release (ER) formulations of medications. These different formulations are often confusing for clinicians, and the differences between the formulations vary from drug to drug. For a patient who receives medications via a nasogastric tube, it would be appropriate to crush a metoprolol tartrate tablet (the IR formulation), but crushing a metoprolol succinate tablet (the ER formulation) could lead to a more rapidly profound, yet unsustained, effect than is desired. The problem of tablet crushing is not unique to drugs with an IR and ER formulation. A number of medications should not be crushed for a variety of reasons, ranging from onset of effect to cytotoxic potential. 28 In addition to tablet crushing, tablet splitting is a source of challenges and errors. Tablet splitting involves many of the same risks as tablet crushing, but it can also cause inaccurate dosing. One study that evaluated the practice of tablet splitting found a deviation of up to 58% from the intended medication dose when a commercially available tablet splitter was used. 29 Absorption is another commonly cited issue with enteral administration of a medication in critical care. Medications administered via a nasojejunal or jejunostomy tube bypass the duodenum, the principle absorption site for most medications, leading to variable effects on absorption and first-pass metabolism. 30 The absorption of some medications can be affected by concomitant administration with enteral nutrition (eg, warfarin, phenytoin, levothyroxine), and so special care 
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Kruer et al must be taken to appropriately interrupt enteral nutrition around the timing of drug administration. [31] [32] [33] Even if a medication is able to be administered to the stomach or duodenum, small bowel resection, gastroparesis, ileus, and decreased splanchnic flow all have the potential to affect absorption and efficacy. However, clinicians may also overestimate the absorptive problem and decline to use an enteral formulation in a patient who could actually benefit from it. Additional research into how these problems affect medication absorption in critically ill patients would help guide decision-making in this population.
In consideration of these issues, several qualities would be advisable for the ideal enterally administered medication. It would be available in enteral and parenteral formulation. It would be available as a suspension and as a tablet or capsule. If the drug had both IR and ER formulations, the difference would be clear and the labeling would adequately distinguish between the two.
Subcutaneous route of administration
Accuracy of administration, specifically the depth of injection, is a concern with medications administered subcutaneously. A health care provider may intend to give a subcutaneous injection, but actually inject much deeper into the muscle. Significant differences in absorption, onset of effect, and duration of action have been noted with insulin administered intramuscularly as compared to subcutaneously. 34, 35 These differences can lead to unnecessary complications in a patient's treatment.
Variable absorption is also a concern with subcutaneously-administered medications in critically ill patients. It has been suggested that hemodynamic instability, vasoactive medications, and fluid shifts may alter the absorption of medications such as subcutaneous insulin and heparin, but the data are conflicting. [36] [37] [38] More information is needed to guide therapy with subcutaneously administered medications in this patient population.
The ideal subcutaneously administered medication would be distributed along with needles of the appropriate length for subcutaneous administration. It would also have labeling that clearly denotes that it is intended for subcutaneous administration. Additionally, the prescribing information would include details about pharmacokinetics and pharmacodynamics specifically in critically ill patients.
intramuscular route of administration
Intramuscular medications are subject to the same problem of administration accuracy as subcutaneous medications.
Inadvertent administration of a these medications to tissue other than muscle could lead to differences in absorption and effect. Additionally, many critically ill patients experience muscle wasting, which further complicates this route of administration. 39, 40 Intramuscular administration of medications poses a risk of hematoma in any patient. 41 In the critically ill population, where many patients are anticoagulated or coagulopathic, the concern for hematoma is even greater. Although data suggest intramuscular injection may be safe in anticoagulated patients, it is generally avoided whenever possible. 42 The ideal intramuscularly administered medication would be distributed along with needles of the appropriate length and would also include labeling to indicate the appropriate muscular bed for administration.
intravenous route of administration
Patients in the ICU are more likely than others to be prescribed IV medications. Thus IV medications commonly administered to critically ill patients should be a key target for optimal drug formulation design. 20 Because medications delivered via the IV route pharmacokinetically bypass an absorption phase, they cause systemic effects within seconds of administration, making this route especially important for critically ill patients. These same characteristics also leave patients vulnerable to harm from IV-associated medication errors. Incorrect dosing and rates, including unintentional bolus administration, are common errors encountered with IV medication administration. 43 IV medications that require further dilution before safe administration should never be packaged in a manner that suggests or could allow for direct administration (eg, prefilled syringes). Additionally, medications that require mixing before use or administration should be avoided, and when absolutely necessary, should be labeled as such. 23 A number of medications in the ICU are provided via continuous infusion. As a result, large fluid volumes might be administered to patients who are already volume overloaded or have one or more electrolyte abnormality. The requirement for a carrier fluid may complicate this challenge even further in critically ill patients. The use of a high carrier rate allows the drug to reach the patient quickly and minimizes the time to a systemic effect after a change in rate, especially with vasoactive medications. However, use of a high carrier rate increases the risk of infusing an unintentional medication bolus when changes are made to either the carrier rate or drug infusion rate. 44 Ideally the medications delivered to ICU patients should be easily titratable, meaning they have a rapid onset; 
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Reducing medication errors in critical care have a short half-life; are supplied in standard-concentration, inexpensive, ready-to-use bags; and are not extremely concentrated (requiring a carrier fluid) or diluted (minimizing the volume required to deliver the drug).
Smart infusion pumps with integrated decision support represent a targeted approach to minimize IV-associated medication errors. However, the presence of smart infusion pumps alone does not decrease serious medication errors. Smart infusion pumps were designed to promote safety and simplify medication administration. These pumps can store large drug libraries with information about weight-based dosing, standard infusion rates, and maximum infusion rates. They can also enforce these parameters to prevent inappropriate infusion rates and errors. Some pumps can be accessed wirelessly, allowing an entire fleet of pumps to be updated simultaneously.
Smart infusion pumps have drawbacks as well. Many safety features can be bypassed by manual overrides. This is necessary in certain situations but can be overused. A catalog of standard concentrations should be used to eliminate the need to deviate from the drug library within smart infusion pumps. The extensive drug libraries require constant maintenance to keep up with ever changing formularies and policies. The process of updating a fleet can be difficult, even with a wirelessly accessible pump. If a pump is sitting in an alcove without access to a wireless signal, it will not be updated with the rest of the fleet. Some of these issues likely contribute to the lack of benefit seen in some studies that have compared smart pumps with standard infusion pumps. 44 In 2013, the American Society of Health-Systems Pharmacists adopted a policy statement encouraging the development of "nationally standardized drug concentrations and dosing units for commonly used high-risk drugs that are given as continuous infusions to adult and pediatric patients …" 45 Smart infusion pump technology must be accompanied by a culture that utilizes the technology, making it difficult to bypass the preprogrammed drug library, and adequately supports the bedside nurse with policies and protocols that guide rates of administration and appropriate titration, thereby minimizing the effect of human performance. 43 
Transdermal route of administration
A number of safety concerns surround use of the transdermal route in critically ill patients. Transdermal drug delivery is erratic in critically ill patients. Because perfusion to epidermal and subcutaneous tissue is often lower than normal, it can cause unpredictable and often less-than-optimal absorption.
On the other hand, elevated core temperature and febrile states, which are not uncommon in critically ill patients, increase absorption and the risk of excessive drug release. Many patches include aluminum backing, making them unsafe for wear in a magnetic resonance imaging machine. It is for these reasons that medication delivery via the transdermal route should largely be avoided in critically ill patients. If patients are admitted to the ICU wearing a transdermal medication patch, it should be discontinued as soon as possible, and other more reliable routes should be utilized. 46 The transdermal route should not be a target for novel drug delivery in the critically ill patient population.
epidural route of administration
The American Society of Anesthesiologists practice guidelines for acute pain management in the perioperative setting recommend the use of a multimodal approach to pain management, including neuraxial opioids, systemic opioid patient controlled analgesia, and peripheral regional techniques. Evidence has shown that using a multimodal approach minimizes postoperative pain and systemic opioid requirement. 47 However, the guidelines state that use of these therapies should be accompanied by institutional policies and procedures that provide for education and training of health care providers and documentation that patient-specific and institutional outcomes are monitored. 47 Local anesthetics (eg, bupivacaine, ropivacaine) must be used with caution in the ICU. Anesthesiologists must first verify that epidural catheters are indeed in the epidural space. Even when infused appropriately, local anesthetics administered via the epidural route can cause systemic vasodilation and hypotension. In critically ill patients, the risks and benefits should be weighed carefully. It may be most appropriate to use separate infusions for local anesthetics and systemic opioids because the clinician can titrate each individually to minimize adverse effects. However, inadvertent systemic administration of local anesthetics can cause significant cardiotoxicity that could lead to arrhythmias, disturbances in contractility, or even cardiac arrest. 48 A number of safety measures must be in place to prevent such mistakes. If not available commercially, infusions should be compounded in the pharmacy and not in the operating room or ICU. Medication bags and syringes should be labeled clearly with information regarding the route of administration if other than IV (eg, wording such as "epidural use only"). Independent double-checks should be implemented at the bedside when epidural medications are initiated and when rates or doses are changed. 
System-based improvements to mitigate errors
In addition to the specific challenges associated with medication routes outlined previously, a multimodal approach is required to mitigate medication-related errors in the ICU. While not specific to medication route, they are equally important and include issues amenable to human factors engineering, such as unique ports for routes of administration, local technologies such as computerized provider order entry (CPOE), decision support systems, and barcode administration. System-level approaches such as utilization of telemedicine, simulation-based education, improvements in patient safety culture to optimize detection and reporting, and the use of FMEA and simulation-use testing are additional strategies aimed at decreasing medication errors.
Unique ports for different routes of administration
The Joint Commission, World Health Organization, and other organizations have released warnings and recommendations regarding the problem of medications being administered via incorrect routes. 49, 50 To address this problem, unique interlocking mechanisms are being developed to distinguish enteral, IV, and intrathecal routes. These ports prevent lines intended for two different routes from being connected (eg, connecting an enteral nutrition line to a central catheter). Specific labeling of ports is also recommended to prevent errors, as is the use of different dedicated infusion pumps. This new technology is being accepted widely and becoming a standard of care.
Technology
The last few decades have seen technology play an increasing role in health care. New tools are regularly introduced with the goal of mitigating harm. While well-intentioned, care must be taken when using a new tool as they can introduce new sources of error in existing processes by changing task performance or facilitating unfamiliar behaviors.
Computerized provider order entry CPOE, the process by which a health care provider enters an electronic order into a computer system, has dramatically influenced clinical practice and medication safety. Despite the advantages of CPOE, many challenges still remain. Prebuilt orders and order sets can be too rigid and prevent individualized care in unique situations. Additionally, initial implementation, transition between, or upgrading health care software packages pose patient safety risks. When vital information is unable to be located by frontline staff, or if information exists in only one of multiple software systems, patient histories may not be complete, and patient safety is at risk. While implementation of new CPOE systems comes with new challenges, many problems and errors stemming from orders written on paper are being eliminated. 20 CPOE systems can be developed to guide providers toward appropriate medication regimens. Prebuilt orders with common doses, frequencies, and routes of administration provide direction when initiating a regimen. Order sets can group orders together to streamline processes for frequently repeated tasks. CPOE systems that interface with the pharmacy order verification system can remove the problematic step of retranscription, allowing pharmacists and nurses to focus more on clinical responsibilities. All of these advancements can improve safety and efficiency.
Decision support software
The incorporation of decision support software into CPOE programs has added an extra layer of safety and efficiency to the order-writing process. Warnings about drug interactions, impaired renal clearance, standard dosing, and other issues can address potential errors and adverse events immediately. 51 Pharmacists can receive these alerts when reviewing orders and proactively contact prescribers with recommendations. By giving the prescribers these alerts in real-time, the software has the potential to reduce the frequency of inappropriate orders and reduce the number of phone calls for clarification. However, "alert fatigue" is a concern with decision-support software. If the software is programmed to give an excessive number of warnings, prescribers are less likely to read and react to them. 52 The warnings supplied by the system must be reviewed on an ongoing basis and appropriate adjustments made to reduce the number of unnecessary alerts.
Barcode medication administration
Barcode medication administration provides a double-check to verify the medication, dose, route, patient, and dosing time. These barcode systems can interface with the electronic medication administration record to automatically chart a dose when the barcode is scanned. These systems improve safety and efficiency simultaneously. 53 However, not all medications will have barcodes, such as unit dose items made from a bulk container. Therefore, pharmacies must be able to produce barcodes that can interface with the system. Another problem is the issue of automatic charting; if a nurse scans a medication but does 
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Reducing medication errors in critical care not immediately administer it to the patient, it will be charted as "given" when in actuality it might have been forgotten. Encouraging nurses to scan medications only immediately before administration would help to address this issue.
Telemedicine
The use of telemedicine has spread rapidly over the last decade, particularly in the ICU setting. 54 It allows clinicians to assess and monitor patients using technology applications and to provide information and participate in multiple aspects of patient care. However, some uncertainty surrounds the specific ways that telemedicine in ICUs can directly benefit patient care.
Telemedicine can potentially minimize medication errors that occur when access to experienced, specialized staff is lacking. Studies show that tele-ICU clinicians improve medication management and safety. 55 Physician-related medication errors were shown to be significantly lower in patients who received telemedicine consults rather than those who received telephone consults or no consultation at all. 56 Reductions in reported medication errors were also noted when a clinical pharmacist was part of the tele-ICU team. 57 Although telemedicine is promising, its specific role and impact, especially in the ICU, on medication management and rates of medication errors and ADEs needs to be quantified to justify the costs.
Simulation for education
While significant research exists on the causes of medication errors, there is a significant lack of research on staff reporting of medication errors and the steps taken to prevent future occurrence. 58 Studies show that self-reporting of medical errors falls far short of direct observation. 59, 60 Educational strategies to address this ideally need to heighten error awareness, set expectations and goals, and provide appropriate feedback. 60, 61 Social, cognitive, and emotional capabilities that complement technical skills and comprise skills such as decision making, teamwork, situation awareness, and task management should be emphasized. 3 Education of medical and nursing staff, particularly by clinical pharmacists, is a vital part of a strategy to prevent medication errors. [62] [63] [64] Simulation-based education has been shown to be more interactive and pragmatic than traditional didactic sessions. Along with the assessment of technical skills, it allows the development of nontechnical skills. It facilitates the use of real-time assessment, practical and clinical judgment, as well as psychomotor and communication skills to optimize understanding of material and improve task execution. [65] [66] [67] Such an approach has the potential to not only prevent similar errors from recurring but to improve health care provider awareness to detect medication errors in the first place.
A direct comparison between medication administration error rates in two ICUs before and after the provision of either didactic or simulation-based sessions showed a significant sustained reduction in medication error rates in the simulation-based group compared to the didactic group. 68 This reduction occurred despite similar improvements in quiz scores of the two study arms, demonstrating that participants understood the content equally well. Another recent study used simulation to demonstrate mitigation of interruptionrelated medication administration errors. 69 Such learning methodologies hold promise as a strategy to reduce medication errors in a variety of settings.
Safety culture and reporting
Substantial evidence supports the need for an organizational commitment to improve patient safety as a whole, including medication errors. 6 Studies have found that the safety climate of a unit is predictive of medication error incidence; a more positive culture is associated with fewer errors. 70, 71 Proposed mechanisms for improving outcomes are varied. A robust culture of safety might improve adherence to best practices at the various stages of the medication process and encourage a positive and open response to errors. 70 Fear of negative consequences can be a major barrier to accurate reporting of errors, with as many as 50% to 96% going unreported. [72] [73] [74] Instead of improving patient safety, a punitive culture causes providers to hide their mistakes, thereby preventing recognition, evaluation, and improvement of underlying causes and system issues. 75, 76 A primary component of establishing an organizational culture of safety is moving away from a punitive or blame culture to a nonpunitive or just culture. A recent review noted that only half of existing medication error reporting systems were considered nonpunitive. This high rate of punitive systems is a major barrier to reporting medication errors and limits their effectiveness as tools for improvement and learning. 77 To benefit fully from technologies that aid in preventing medication errors, a culture of safety is considered essential.
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The role of formulation design Ideally, proactive steps to minimize risk should be undertaken during the drug product design process. Pharmaceutical companies should conduct systematic risk assessments that take 
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Kruer et al into account human and environmental factors to identify opportunities for error prior to marketing and production. If any issues arise, pertinent design changes can be made. Two tools that may be helpful in this process include FMEA and simulated-use testing. 23 FMEA facilitates a systematic approach to the identification and prioritization of all possible defects within the product design process. 26 In simulated-use testing, end users carry out tasks in real-life scenarios with the labeled drug products. These scenarios include each node of the medication use process. Data are collected through direct observation and solicitation of subjective feedback from representative participants. 23 The results of simulateduse testing should be integrated into analytic approaches such as FMEA to further elucidate use-related risks that could not have been predicted. 23 To develop safe medications, companies must prospectively consider the end-user, and these tools offer a mechanism by which to do so.
Conclusion
Medication safety is a priority for clinicians who care for patients, especially those who are most critically ill. Clearly, many challenges exist in current drug formulation design, but optimal drug formulation can mitigate errors at multiple points of the medication use process. Risk factors that predispose end users to errors can be minimized or eliminated by optimizing drug formulations. This must become a priority for drug manufacturers.
However, any approach to address the burden of medication errors to improve patient safety needs to be comprehensive. Because it is a large, complex problem, no single recommendation can be considered a definitive solution. Equally as important as drug product design are system-based solutions and minimization of opportunities for errors using approaches based in methodologies such as human factors engineering. Systems must be developed and technology must be utilized to enable users to interact with and utilize products in a safe way. Leveraging technology must continue to be a priority among hospitals and health-systems, including the safe implementation of CPOE, clinical decision support, smart infusion pumps, and barcode medication administration. Prospective, proactive assessment must be undertaken to minimize the cost associated with redesigns and, most importantly, minimize potential harm to patients.
Ultimately, every ICU is unique and needs to explore its own medication errors, those actually reported as well as opportunities for error that might not have been reported. This will allow the approach to error mitigation to be tailored to the needs of the unit, its staff, and its patients. Multimodal approaches for improvement can then be developed, implemented, and reviewed to achieve optimal results.
